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a  b  s  t  r  a  c  t
This study aims at a thorough characterization of the relationship of interstitially solved
carbon and nitrogen on the  → ˛′ transformation in PM steels, the accompanied volume
change and the resulting hardness. Furthermore, the investigations include multiple poros-
ity  levels of 6.9, 7.2 and 7.35 g/cm3 to characterize porosity effects. Dilatometric samples
were carburized and carbonitrided to seven distinct compositions to account for common
compositions in the process of thermochemical case hardening heat treatment. The dilato-
metric samples were rapidly austenitized and quenched and the dilatometric response was
evaluated. To fully characterize the martensitic transformation of PM steels, X-ray diffrac-
tometry evaluated the amount of retained austenite after quenching. Conclusive results of
iterative quenching procedures along with elemental analysis after heat treatment give dis-
tinct evidence that PM steels underlie rapid decarburization. This effect ultimately leads to
an  erroneous evaluation of the martensite transformation kinetics, especially the often pro-
posed effect of porosity on MS. However, a distinct effect on the accompanied volume change
from austenite to martensite is proposed. To account for an interplay of solved carbon and
nitrogen, an effective nitrogen contribution of 25% based on carbon equivalent is proposed.
Utilizing the effective content, the impact of nitrogen can be projected on carbon within the
range of common carbon and nitrogen contents, and a good predictability of the marten-
site transformation can be achieved. Regarding the resulting hardness, a dependency solely
on  carbon is suggested. The overall hardness shows a typical maximum at approximately0.6–0.7 wt%, irrespective of the solved amount of nitrogen.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).∗ Corresponding author.
ttps://doi.org/10.1016/j.jmrt.2020.05.035
238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is a
reativecommons.org/licenses/by-nc-nd/4.0/).1.  Introduction
Powder-metallurgical (PM) sintered parts are readily used
as precision parts in many  industrial sectors, especially in
engines and transmission [1,2]. In the automotive industry,
high mechanical loads must be endured in the PM compo-
n open access article under the CC BY-NC-ND license (http://
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nents, making a subsequent heat treatment obligatory [3,4].
Common case hardening heat treatment procedures consist
of an austenitization step (to typically carburize the sur-
face) followed by a subsequent quenching step in a liquid or
gaseous medium. An extension of the common carburization
sequence is the addition of nitrogen, denoted as carbonitrid-
ing. The thermo-chemical heat treatment procedures aim to
utilize the chemical gradient to tailor compressive residual
stresses along with high hardness close to the surface. There-
fore it is necessary to describe the material behavior from
the interstitially highly loaded surface through the transition
zone up to the chemically unchanged core. High amounts of
austenite-stabilizing elements (carbon, nitrogen) extend the
transformation time of diffusionally build phases, hence high
amounts of martensite can be expected at the surface and
near-surface areas.
Martensite is a supersaturated product of athermal
transformation from -iron. In order to inhibit diffusional
decomposition of -iron, rapid cooling is necessary to enforce
a distorted version of ˛-iron [5]. The favorable effects of the
martensitic phase on the mechanical properties such as yield
strength and hardness are undisputed and of great interest for
industrial applications. For a full description of the marten-
site transformation, one needs to evaluate the transformation
kinetics with respect to temperature, the amount of retained
austenite after quenching and the volume change of the  → ˛′
transformation. Nitrogen is analogous to carbon as it is inter-
stitially solved and increases the hardness while also acting
as austenite stabilizer which retards thermal and athermal
transformation kinetics. The understanding of the impacts of
interstitially solved elements on the martensitic transforma-
tion and the resulting hardness is crucial for optimizing the
carbonitriding process itself, though conclusive work on the
interplay of carbon, nitrogen and porosity on the martensitic
phase transformation is still lacking in literature.
1.1.  Effects  of  carbon  and  nitrogen
The sole effects of carbon on the martensitic transformation
has been under investigation for over a hundred years [6,7].
While a vast amount of literature exists for carbon regarding
MS [8–12], some recent works used artificial neural networks
on hundreds of steel compositions focusing on a general pre-
diction model in dependency of the chemical composition of
many steels [13,14]. The most prominent model to describe
the martensitic transformation behavior was proposed in 1959
by Koistinen and Marburger [15]. In order to predict the final
microstructure and residual stress state after quenching, one
also needs the prefactor k of the Koistinen-Marburger equa-
tion as well as the volumetric change. While the value k was
widely reported to be constant with k = 0.011 K−1, more  recent
assessments suggest that the parameter should also be a func-
tion of composition [16]. A linear increasing volume change in
dependency of carbon was found for the Fe-C system as well as
many common steels [6,17,18]. Only few authors investigated
the system of Fe-N in terms of martensitic transformation,
reporting for comparable atomic compositions quite similar
effects on MS but significantly lower amounts of retained
austenite and a slightly reduced Vickers hardness for the Fe-N
system [19,20]. Only few works concentrate on nitrogen and/or2 0 2 0;9(4):8245–8257
combined effects of carbon and nitrogen [21,22], and no con-
clusive results on the martensitic transformation are reported
to this day.
1.2.  Effects  of  porosity
Quantitative analysis of the martensitic transformation in PM
steels is reported by few authors [23–26], however to date still
of great interest, as there is no conclusive work of the impact of
porosity on the transformation behavior. Inherent to densities
of 6.8–7.4 g/cm3 are wide areas of open porosity [27,28]. Multi-
ple authors state a shift in the martensite start temperature MS
or the start of diffusional transformation kinetics like bainite
as a function of porosity, suggesting a reduced necessary strain
energy for transformation due to free surfaces of the pores. For
lower densities (higher porosities), MS is assumed to increase
and the incubation time of bainite to be decreased [23–26].
Those increases were reported after a re-austenitization and
holding time of 3–5 min  at temperatures above Ac3. Moreover,
an interesting effect on the measured  → ˛′ volume change
in dependency of porosity was reported by Warke et al. [25].
To summarize, PM steels demonstrate a complex interaction
between porosity, the  → ˛′ transformation and the resulting
microstructure, requiring an intensified scientific attention in
order to reach an understanding of the behavior of PM steels
in thermo-chemical heat treatment.
1.3.  This  work
This work aims to provide a comprehensive summary of
the individual and combined effects of carbon, nitrogen and
porosity concerning their interplay on the martensitic phase
transformation in the low alloy PM-steel Astaloy 85Mo. For this
purpose, three porosity levels at seven combinations of car-
bon and nitrogen were investigated by high-speed induction
dilatometry, X-ray diffractometry and metallography. Models
to predict the transformation kinetics and resulting hard-
ness are proposed and discussed with respect to literature.
Dilatation curves of iterative heating-quenching procedures
visualize the transition of apparent MS temperature and shed
light on the effects of porosity on the transformation kinetics.
Finally, the interplay of carbon and nitrogen concerning the
resulting microstructure and hardness is elaborated.
2.  Material
Water-atomized and pre-alloyed powder Astaloy 85Mo was
used as base material for this work. Compacting and sinter-
ing conditions were adjusted to result in average densities of
6.9, 7.2 and 7.35 g/cm3, respectively. By addition of graphite,
the alloy was modified to a base carbon content of 0.3 wt%.
Combustion analysis of the sintered state confirmed a fairly
high oxygen content of 0.2 wt%. Dilatometric samples were
machined and subsequently carbonitrided to selected compo-
sitions of carbon and nitrogen. The carbonitriding was carried
out at 940 ◦C, controlling the propane (C3H8) and ammonia
(NH3) addition to result in the desired composition. The alloy
compositions are depicted in Fig. 1 and also listed in Table 1, for
convenience. The selected compositions were chosen based
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Fig. 1 – Plot of investigated batches and their distribution in a carbon-nitrogen-diagram. Left: Typical technological
concentrations of C/N and depth profiles extracted from [22] and right: their carbon nitrogen combinations as dashed lines.
The black dots refer to the investigated compositions in this wor
Table 1 – Chemical composition of the investigated the
carbonitrided batches.






























3.3.  Thermal  etching  and  microscopy0.79C-0.32N 0.79 0.32
1.05C-0.38N 1.05 0.38
n common combinations of carbon and nitrogen in depth
rofiles. For clarification, Fig. 1 shows common carbonitriding
epth profiles (left) and the resulting combinations of carbon
nd nitrogen with the selected compositions (right). The batch
eference points were chosen in a wider scope so that the
hole range of possible carbonitriding procedures is covered
y the experiments.
Three batches were carburized (0.3C-0N, 0.58C-0N, 0.79C-
N) in order to isolate the effects of carbon. Furthermore,
hree more  batches are in a typical combination of carbon
itrogen to investigate (0.5C-0.17N, 0.63C-0.11N, 0.79C-0.32N).
he last batch is excessively loaded with solute interstitials
1.05C-038N) in order to investigate a possible, limiting effect
n the transformation. The chemical composition was mea-
ured by glow discharge optimal emission (GDOES) analysis
nd is given in Table 1. The microstructure of the batches after
arbonitriding was martensitic (along with retained austenite)
nd therefore no coarse precipitates were whether expected
or detected by metallography.
.  Methods
.1.  Dilatometry
ilatometry is an established technique to precisely measure
he length change of a metallic sample with changing tem-
erature [29,30]. The specimen geometry is a hollow cylinder
ith an outer diameter of 4 mm and inner diameter with 3 mmk.
and a length of 10 mm and is heated via induction and the
temperature is controlled by a thermocouple type S. Measure-
ments were performed using one thermocouple in the center
of the specimen. To avoid possible influences due to oxidation,
the measurement setup is enclosed in a vacuum chamber.
An atmospheric pressure of 10−1 mbar was adjusted, followed
by flooding with He to 0.8 bar to exclude oxidation as well
as lesser decarburization/denitridization effects in the heat
treatment procedure. The specimens are heated to an austen-
itizing temperature of 940 ◦C in 10 s and are held for 10 s. This
“rapid” austenitization procedure was performed as the open
porosity of the sinter steel shows rapid decarburization under
vacuum atmosphere (which will be discussed in Section 5).
Rapid austenitization was sufficient for homogenization since
the microstructure did not show coarse precipitates, hence a
longer austenitization time is unnecessary [31]. This has been
validated for common low alloy steels [32]. The rapid cooling
from austenitizing temperature to the desired temperature is
accomplished in 2 s with He, preventing a preliminary trans-
formation of the ferritic, pearlitic or bainitic phase.
3.2.  BET  measurement
The Brunauer-Emmett-Teller (BET) theory explains the
adsorption of gaseous molecules on solid surfaces and can be
used as analysis technique to determine the specific surface
area of a solid material. More information about the mea-
surement can be found in [33]. This is especially important
to understand the diffusional process of porous steels, since
open porosity acts as a diffusion channel into the depths of
the heat treated samples. BET measurements were carried out
according to ASTM Standard D4780 [51] using Krypton at 77K.
The investigated densities of 6.9/7.2/7.35 g/cm3 were analyzed
on three samples each. In Table 3 the values of the measure-
ment are shown.In order to analyze the prior austenite grain size at differ-
ent austenitization temperatures it is necessary to reveal
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the austenite grain boundaries. There are different methods
which make an investigation of the austenite grain boundaries
possible. In [34] it is shown that the method of thermal etching
provides the best results for a metallographic determination
of the austenite grain boundaries. Thermal etching reveals
the austenite grain boundaries in a pre-polished sample by
grooves that emerge at the intersections of the austenitic
grains. Hereby it utilizes the high diffusion coefficients of sur-
face diffusion in comparison to volume diffusion, making the
prior austenite grain sizes visible at room temperature under
the optical microscope [35]. Thermal etching was executed
with the same dilatometric sample set and sample geom-
etry. Before the thermal etching the dilatometry specimen
had been ground to receive a small flat surface, which facili-
tates a microscopic investigation. Finally, they were polished
with 1 m diamond paste. The austenitizing step was identical
as explained in Section 3.1. To avoid a martensitic transfor-
mation the samples were cooled down with 1 K/s after the
austenitization. The evaluation of the grain sizes was carried
out with binarized images of scanning electron micrographs
(see [30] for more  details). Austenite grain sizes were deter-
mined with the linear intercept method according to DIN EN
ISO 643. Measured austenite grain sizes of ı6.9 = 11.0 ± 0.1 m,
ı7.2 = 10.5 ± 0.4 m and ı7.35 = 10.3 ± 0.1 m were identical for
all porosity levels. The relatively fine grains are common for
PM steels, as the finely dispersed pores act as austenitic grain
boundaries, thus limiting the growth depending on the pore
distribution.
3.4.  Hardness  measurements
For microstructural analysis, the cut plane was perpendicular
to the axis with the cut position in the middle of the sample.
Given samples were ground and finally polished with 1 m
diamond paste. Vickers hardness testing was performed on
a Qness Q30a+ micro hardness tester with forces of 0.1 kg
(HV0.1) and 10 kg (HV10) according to DIN EN ISO 6507-1 [36].
As PM steels show finely distributed pores, the HV0.1 inden-
tations were selected manually in pore-free areas in order to
measure the pore-free material response.
3.5.  X-ray  diffractometry
X-ray diffractometry was performed for analysis of retained
austenite according to ASTM standard E975 [37] utilizing the 6
peak fit of the martensite interference lines {200}˛, {211}˛ and
{321}˛, as well as austenite interference lines {200} , {220}
and {311} . The profiles were measured in 2 = 0.1◦ with MoK˛
radiation on three samples for each composition. The samples
were electropolished to exclude possible mechanical effects
on retained austenite and were measured in the center of the
dilatometric sample.
4.  Results4.1.  Analysis
The martensitic transformation kinetic is known to be
athermal. While mathematical models to describe phase2 0 2 0;9(4):8245–8257
transformations exist for a long time, one of the most
utilized models with respect to temperature is the Koistinen-
Marburger equation [15]
wKMM = 1 − exp(−k · (MS − T)) (1)
with MS being the martensite start temperature (in ◦C or K,
respectively) and a prefactor k in 1/K. As this only predicts
the phase change from typically austenite to martensite, the
volume change from fcc to bcc has to be considered. One
should keep in mind that the volumetric change from fcc to
bcc is dependent on the temperature, and therefore a refer-
ence temperature Tref must be defined for comparability. In our
work we set the reference temperature for each composition
to Tref = MS. The martensitic volume change is also depen-
dent on the composition, especially on interstitially solved
carbon and nitrogen. The interplay between the prefactor k
and the volumetric change of the austenite decomposition
can be ambiguous, as multiple combinations of k and V→˛′
can lead to similar quantities of length change. Therefore, the
kinetic parameters MS and k are chosen so that the trans-
formation start temperature and the amount of predicted
retained austenite at room temperature is in accordance with
experimental data. The volume change is subsequently deter-
mined to fit the experimental curve.
4.2.  Transformation  kinetics
As it is challenging to visualize the co-dependency of carbon
and nitrogen, a simplification is proposed. An effective content
ceff is defined with a bilinear dependency on the carbon and
nitrogen content. The effect of nitrogen on the transformation
kinetics is then given as an effective ratio related to the carbon
content
ceff = cC + A · cN (2)
with cC and cN being the element contents in wt%.  There-
fore we impose an effective content as a superposition of
the carbon content A of the nitrogen content on the x-axis.
The martensite start temperatures seen in Fig. 2a show a
known linear decrease in dependence of the interstitial alloy
content. The squares refer to carburized and the dots to car-
bonitrided compositions, while the color refers to the state of
porosity. The evaluated MS values are shown for all porosi-
ties and compositions. No significant trend of the porosity
on MS can be evaluated considering the standard deviations
(and will be discussed in detail in Section 5). The black sym-
bols are the summarized values for each composition. We
impose an effective factor of A = 0.25 to account for the effect of
nitrogen in comparison to carbon. The effective content does
hereby also lead to a good overall description of the depen-
dency of nitrogen. The MS temperature of the initial state with
0.3C-0.0N begins at 379 ◦C and linearly decreases to 130 ◦C
for 1.05C-0.38N. The standard deviations calculated through
the best fits of 5 samples vary by MS = ±4 K for 0.3C-0.0N
up to MS = ±20 K for 0.5C-0.17N. With the effective content
approach, a good predictability is given.
The choice of reasonable values of the prefactor k is depen-
dent on the amount of retained austenite and the value of MS
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Fig. 2 – Kinetic parameters MS and k in dependency of the effective content ceff. Carbonitrided batches are shown with two
multipliers A = 1 (hollow circles) and A = 0.25 (full circles). With a multiplier of 1, the plot shows the cumulative wt% of both


























Fig. 3 – Retained austenite contents in dependency of the = 0.25.
nd must be derived from experimental data. A combination
f linear fit for MS and decreasing exponential fit for k provides
 good agreement between experimental data and the model
ith
S[◦C] = 455 − 300 · ceff = 455 − 300 · cc − 75 · cn (3)
[1/K] = 0.0122 + 0.01 · exp
(




y inserting the dependencies of MS and k in Eq. (1), the
mount of retained austenite in dependency of ceff can be
alculated and will be discussed in the next section.
.3.  Retained  austenite
he exponential part of the Koistinen-Marburger equation can
e interpreted as the amount of retained austenite at the final






MS(ceff ) − T
))
. (5)
he following plot (see Fig. 3) depicts the retained austenite
ontents of the investigated batches over the effective content
long with the predicted amount of retained austenite.
Retained austenite contents for the batches below
eff = 0.6 wt%  were below a reliable analysis range in the XRD
nalysis of 3 vol% and therefore show high standard deviations
ith respect to the measured value and should be interpreted
ith caution. Retained austenite contents exponentially rise
ith increasing carbon and/or nitrogen content up to 25% for.05C-0.38N and can be predicted with a overall good agree-
ent for all combinations of carbon and nitrogen.effective content of carbon and nitrogen.
4.4.    −  ˛′ volume  change
The martensitic transformation is accompanied by a volume
change that is dependent on the amount of carbon solved
in the prior austenitic phase. The volumetric change from
austenite to martensite with respect to temperature is eval-





















(6)where LT refers to the difference in length between the ˛
and  phase at temperature T, and L to the total length of the
sample in  phase at the respective temperature. Evaluation
temperature was set to Ms for each composition to increase
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Fig. 4 – The  → ˛′ volume change accompanied by the
martensitic transformation, evaluated at reference
temperature MS for each composition, in dependency of
effective total content.
comparability to other works [6,17,38]. In the evaluation the
amount of retained austenite was considered and corrected
for the partial martensite transformation accordingly (see Sec-
tion 4.3). An increasing  → ˛′ volume change with respect to
the overall content is illustrated in Fig. 4. In contrast to results
presented before, a dependency of the porosity is evident espe-
cially in the C+N compositions.
Data points illustrated as squares refer to carburized com-
positions without nitrogen. An increasing volume change with
respect to carbon and nitrogen leads to an overall volume
change from 1.5 vol% up to 3.0 vol%. A good agreement with a
linear increasing function withV−˛(Ms) = 1.41 + 0.9225 · ceff (7)
with respect to the effective content is given. Focusing on
the nitrogen-containing batches, the question arises how the
Fig. 5 – Left: Micro-hardness HV0.1 with respect to carbon compo
measurements with respect to carbon. While the micro-hardnes
three distinctive curves in dependency of porosity.2 0 2 0;9(4):8245–8257
combination of carbon and nitrogen affects the resulting vol-
ume  change.
4.5.  Hardness
Vickers hardness HV0.1 measurements (see Fig. 5a) did show
no deviations between the densities, since the indentation is
too small to be influenced by porosity. For identical chemical
composition and heat treatment, identical hardness values
are expected and were measured in this work. The carbur-
ized compositions (Fe-0.3C, Fe-0.58C and Fe-0.79C) result in
higher hardness values in comparison to the Fe-C-N alloys.
However, a plateau is approximately found at cc = 0.6–0.8 wt%.
While the carburized batches tend to higher hardness val-
ues, a lower hardness is found for the Fe-C-N compositions.
In comparison to HV10, a significant decrease in overall hard-
ness due to porosity is depicted, while the hardness shows
the same overall trend in dependency on the effective content
ceff.
Higher standard deviations in HV0.1 were found for the
carbonitrided samples (HV = 70–100 HV0.1) in comparison to
the carburized samples (HV = 30–50 HV0.1). A microhardness
hardness formula can be given with a quadratic approach
HV0.1 = 2648 · cc − 1609 · c2c (8)
in dependency of carbon content only, and for the macrohard-
ness, including porosity with
HV10 = 137 + 1566 · cc − 878 · c2c − 19 · p (9)
with p = (0 − )/0. The course of the hardness development
with respect to the effective content resembles a typical
increasing hardness plot, and the decrease of overall hardness
in a carbon region of ceff ≥ 1.0 wt% is not significant.
The demonstrated results can be predicted with the effec-
tive contents and presented models. Now the question arises if
the presented results (summed up in (Table 2)) can be verified
by literature, which will be done in the next section.
sition for all porosities. Right: Macro-hardness HV10
s is independent of porosity, the macro-hardness shows
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Table 2 – Martensite transformation parameters summarized with standard deviations.
Batch MS [◦C] k [1/K] RA [vol%] V→˛′ [vol%] V→˛′ [vol%] V→˛′ [vol%]
( = 6.9 g/cm3) ( = 7.2 g/cm3) ( = 7.35 g/cm3)
0.3C-0N 379 ± 4 0.022 – 1.78 ± 0.5 1.688 ± 0.1 1.71 ± 0.1
0.58C-0N 259 ± 9 0.016 – 1.75 ± 0.2 1.93 ± 0.1 1.84 ± 0.1
0.79C-0N 201 ± 8 0.0125 6 ± 1 2.15 ± 0.1 2.2 ± 0.1 2.26 ± 0.1
0.5C-0.17N 298 ± 20 0.016 2.4 ± 1 1.65 ± 0.2 1.68 ± 0.2 1.79 ± 0.2
0.63C-0.11N 268 ± 10 0.014 4 ± 1 2.00 ± 0.4 2.11 ± 0.2 2.20 ± 0.2
0.79C-0.32N 182 ± 7 0.014 11.5 ± 1 2.27 ± 0.3 2.38 ± 0.3 2.49 ± 0.6
1.05C-0.38N 130 ± 2 0.0125 25.7 ± 3 2.28 ± 0.2 2.32 ± 0.2 2.50 ± 0.3
Fig. 6 – Martensite start values in dependency of the overall

























Fig. 7 – Plot of all dilatation experiments of the batch C1716
in multiple porosity states of 6.9 g/cm3, 7.2 g/cm3 and
regarding the diffusionally active surface along with ele-13,39–41] in dependency of solely carbon.
.  Discussion
.1.  Martensite  start
.1.1.  Carbon  nitrogen  dependency
espite the vast amount of research done on the influence of
arbon content on MS [39–41], new work by Capdevila et al.
13] using neural networks on literature data can be used as
eference data within this work. Those approaches seem rea-
onable as the amount of investigated compositions can give
omprehensive dependencies of MS. In 2012 van Bohemen [41]
uggested an exponential dependency of carbon on the pref-
ctor k as well as on Ms. In the following Fig. 6, our data is
ompared to the literature approaches.
A reasonable overall decrease of MS with the amount of
olved interstitials is given. In total, the measurement results
ay within the variety of proposed carbon dependent models.
he diminished effect of nitrogen in comparison to carbon
ts well compared to literature models. Comparing the MS
emperature carburizing state of 0.79C-0.0N with the carboni-
rided state 0.79C-0.32N, the diminished effect of nitrogen can
e elaborated. With an increase of 0.32 wt% N, MS decreases by
6 K, therefore an diminished effect of nitrogen in comparison
o carbon is evident. In contradiction, Prenosil [42] reports an
ffect of nitrogen on MS of MS = 180 K/wt% while in this work
e  have a reduced effect of MS = 75 K/wt%. Also, compared7.35 g/cm3.
to other carbonitrided steels, significantly reduced values of
retained austenite are reported in this work. On the other
hand, the retained austenite values are in agreement with
results of pure iron. The question arises to what extent the
alloy system influences the effect of nitrogen in the marten-
sitic transformation.
5.1.2.  Porosity  dependency  of  Ms
Multiple authors have stated a strong dependency of the
martensite start temperature on the porosity state [25,43]. This
statement cannot be supported by our data of more  than 150
continuous cooling tests, and in the following the discrepan-
cies will be elaborated. In Fig. 7 all analyzed samples of batch
C1716 (5 samples a 3 porosities) are shown. The data indicate a
small scattering of the martensite start values in the usual set
of ranges, since not all samples are perfectly homogeneous
in their composition. Yang and Bhadeshia [44] stated that,
depending on the method of evaluation, inevitable standard
deviations of MS ± 6–12 K occur, hence an effect of porosity
can hardly be identified nor a statistically sound distinction
can be found.
Auxilliary tests on the heating of dilatometric samples
were performed with different holding times, showing rapid
decarburization while austenitizing. The BET measurementsment measurements of samples austenitized for 10 min  are
shown in Table 3. A notable decarburization can be found for
both investigated batches and all porosities. Interestingly, the
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Table 3 – Data of the BET measurements and geometrical approximation of the surface. The ratio is the quotient of the
measured, effective surface divided by the geometrical surface. The decarburization was measured for two batches
Fe-0.3C-0N and Fe-0.5C-0.17N after a heat treatment of 10 min  at 940 ◦C.
Density Geometric surf. [m2] Measured BET surf. [m2] Ratio cc Fe-0.3C-0N [wt%] cc Fe-0.50C-0.17N [wt%]
6.9 0.0018 0.631 350 −0.073 −0.225
7.2 0.0018 0.526 
7.35 0.0018 0.393 
decarburization was significantly higher in Fe-0.5C-0.17N in
comparison to Fe-0.3C-0N (which is attributed to the higher
carbon potential, leading to potentially higher mass trans-
fer rates), though a quantification of the decarburization is
not reasonable since every sample inhibits discrepancies in
sample homogeneity and porosity architecture.
This is even more  the case for thin dilatometric samples
with 0.5 mm wall thickness (as used in this work), that are
typically used to ensure homogeneous distribution through
carburization and/or carbonitriding. For the following dis-
cussion the reader should keep in mind that the porosity
architecture of PM steels is open and also connected [4,27,28]
and therefore leads to dramatically increased activity of the
investigated component with the ambient atmosphere. Thus,
with increasing porosity, the amount of diffusional activated
areas is increasing exponentially, as not only the amount of
pores does increase, but also their interconnectivity to deeper
areas of the investigated specimens.
Fig. 8a shows the dilatation curve of undercooled, austeni-
tized samples. While a short austenitization of 10 s did lead to
identical martensite start temperatures of 184 ◦C and 187 ◦C,
a significant shift of the 180 s austenitized samples to 205 ◦C
and 210 ◦C is evident. We  did also detect a higher standard
deviation between samples of longer austenitization times,
as fluctuations in porosity morphology can lead to unsteady
decarburization levels, thus resulting in not only an erro-
neous determination of MS but also decreasing statistical
precision. For long austenitization times of 1800 s, an appar-
ent severe increase of MS to 350 ◦C, results in an erroneous
Fig. 8 – The dilatation curves with respect to temperature of batc
samples with respect to austenitization times. The correctly dete
sample in a subsequent heat treatment procedure to visualize th292 −0.077 −0.155
219 −0.048 −0.141
determination of Ms ≈ 170 K. Fig. 8b shows the effect of the
austenitization time on the martensite start temperature. In
the sequence of heating, annealing effects of the formerly
martensitic microstructure can be seen. The increase of mea-
sured MS after 1800 s is MS = 170 K, after 2400 s MS = 190 ◦C,
2700 s MS = 210 ◦C and 2880 s MS = 220 ◦C. Considering that
the diffusionally activated surface is 200–300 higher than for
conventionally cast samples, and that this surface is also
connected to deeper areas of dilatometric samples, decar-
burization provides a reasonable explanation. Furthermore,
the volume change accompanied with the martensitic trans-
formation reduces with every reaustenitization step and the
annealing effects are barely visible in comparison to the first
cycle. One could argue that the austenitization time was not
sufficient to completely solve the carbon and nitrogen in
austenite. Fundamental work of [31] and also work of Miokovic
et al. [32] did prove that rapid austenitization to 900–1000 ◦C
in few seconds is capable of fully solving the carbon in many
steels, and we assume that this is also the case for nitrogen.
Another argument is the shift of Ms. As carbon and nitro-
gen are known to stabilize austenite (and therefore reduce MS
when solved), the one heat treatment resulting in the low-
est value of Ms can be identified as the maximum amount of
solved carbon and nitrogen.5.2.  The  parameter  k  and  retained  austenite
As mentioned before, the parameter k is fit along with MS to
predict the amount of retained austenite after quenching to
h Fe-0.79C-0.32N (C1716), left: multiple dilatation curves of
rmined value is MS = 180◦. Right: Dilatation curve of one
e shift in MS with longer austenitization times.
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Fig. 9 – Comparison of the prefactor k for the investigated






































Fig. 10 – Retained austenite values measured by x-ray
diffractography in comparison to literature of Fe-C alloys
(black, [45–48]) and Fe-N alloys (red [19,20]).
Fig. 11 – The associated volume change of martensite with
respect to effective content in comparison to literatureT. While some of the older literature suggested a constant
alue of k = 0.011, some recent works reported a depen-
ency on alloy content like Lee [9] kLee = 0.0231 − 0.0105cc.
an Bohemen [8] investigated a low alloy steel carburized
n multiple carbon compositions (%C = 0.46, 0.66, 0.80) and
ndicated an exponential dependency of the prefactor k. The
roposed model of Lee as well as the experimental values
f van Bohemen are shown in Fig. 9. For the compositions
ith carbon individually, a good comparability can be found
etween the relations in this work compared to the literature
eview.
For combined effects of carbon and nitrogen, the picture
s increasingly complex. For compositions with high car-
on/nitrogen contents of ceff = 0.8 wt% and more,  a plateau of
he prefactor k at approximately k = 0.0125 can be defined. This
ives confidence that the exponential approach suggested is
easonable, while a linear approach seems only to be appli-
able in a narrow field of low alloy steels between cc = 0.4–0.7.
omparing the fit function for retained austenite with liter-
ture, a good agreement of the experiments is given for the
e-C alloys. 10 To evaluate possible effects of porosity, the
ata of Ouda et al. [48] is shown. The evaluation was per-
ormed with magnetic measurements (that can be ambiguous,
ee [48]), but were validated by Rietfeldt Analysis for 1 wt%C
ith an amount of retained austenite of 17% that fit well with
ur modeling approach. For low carbon contents, the amounts
f measured retained austenite seem overestimated. The Fe-
 data for retained austenite was added and the factor 0.25
as superimposed for comparability. For Fe-N steels, the fac-
or of 0.25 seems to underestimate the effective impact of
itrogen. For example, for an effective content of ceff = 0.56 wt%
.5 vol% of retained austenite are proposed, while literature
tates values of 7.5–10.0 vol%. It can be stated that the com-
ined effect of carbon and nitrogen on a low alloyed steel
annot be calculated by a mixture-rule. Further investigations
eem reasonable to understand the influence factors of coop-
ratively solved carbon and nitrogen, and how the interaction
f both play a role in the development of retained austenite.[6,17,18].
5.2.1.    −  ˛′ volume  change
The volume change associated with the martensitic transfor-
mation is known to be increasing with interstitially solved
carbon. Similar observations are found in Fig. 11 in depen-
dency of the effective carbon content. A good agreement with
a linear increasing function with respect to the effective con-
tent is given. It should be noted that the literature curves are
referred to carbon only, since no reliable data for nitrogen was
found up to date. Cheng et al. [19] presents constants for Fe-
N martensites, indicating that the volume change of nitrogen
martensite should result in higher volume changes compared
to typical Fe-C martensite. When investigating the carboni-
trided batches referred to by dots, no distinctive increase of
the volume change in dependency of nitrogen is found. On the
contrary, a slight nonlinearity of batches with both carbon and
nitrogen seems to be given. However, the differences are small,
8254  j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):8245–8257
Fig. 12 – Vickers hardness tests of all investigated batches in dependency of element composition and porosity. Left:
Micro-hardness HV0.1 in dependency of solely carbon, right: macro-hardness HV10 measurements with three distinctive
slopes in dependency of porosity.
and the decreasing effect of the highly carbonitrided batch
(ceff = 1.15) could be affected by the rising amount of retained
austenite. Overall, utilizing a linear fit a good prediction can
be made for a wide variation of carbon and nitrogen. While
the increasing trend describes the same slope as found in lit-
erature (dependent on carbon), a notable offset exists for all
compositions and porosity levels. As we furthermore find a
distinctive sequence for the three porosity states, we assume
that porosity could play a role in the resulting volume change
of the sample. For 5 of 7 investigated compositions, the sam-
ples with highest densities (yellow) also result in the highest
measured volume changes, while in 6 of 7 compositions, the
samples with highest porosity (red) show also the least volume
change. The indications justify the assumption that porosity
can be held accountable for the decrease in overall transfor-
mation volume change, as a finely distributed porosity can
act as stress relief in the microstructure, hence the share of
mechanical stabilization of austenite is decreased. The over-
all difference between the porosity levels is however small,
and differentiating model approach seems not reasonable on
the given data. For the future, bulk material should be added
in order to quantify porosity effects on the volume change.
The free surface between the pores and the material can
act as possible nucleation site for martensite, as the neces-
sary strain energy is reduced. This could be an explanation
of an apparently reduced volume change of the sample. Other
authors like Warke et al. [25] have found similar effects, report-
ing a decreasing volume change from  → ˛′ dependent on
the porosity. Follow-up work is necessary to shed light on the
mechanisms of martensitic transformation in porous steels.
5.3.  Hardness
Vickers hardness tests with force of 0.1 kg were carried out
in order to rule out effects of porosity due to small indenta-
tions, and furthermore tests with 10 kg for a combined effect
of hardened microstructure and porosity. Measurements of
HV1 were not reasonable as the area of indentation would
only include several pores, making it vulnerable to statisticalerrors. It should be noted that the indentations of HV10 mea-
surements do not fulfill DIN EN ISO 6507 [36], as the distance to
the sample surface is approximately one length of the diame-
ter (compared to 2.5 times referring to the standard). However,
a good tendency between the porosities can be seen in the
data. The presented hardness values are significantly higher
compared to data reported by Krauss et al. [49]. The increased
hardness can be explained by a reduced influence of selftem-
pering, as the small dilatometric samples were quenched in
less than 2 s. For slower cooling times, a reduced hardness due
to selftempering is expected. The second mechanism lead-
ing to a hardness increase is based the size of prior austenite
grains and the resulting microstructure. It is known for PM
steels to result in high microhardness. Data of Tsuchiyama
[20] and Chiba [50] suggests an analogous trend for the Fe-
N alloys, but at lower overall hardness levels. The depiction
in dependency of carbon can furthermore be justified when
investigating the carbonitrided compositions and solely car-
bon in Fig. 12a. While Fe-0.58C-0N results in a micro-hardness
of approx. 1000HV0.1 the Fe-0.63C-0.11N composition does not
result in higher but even lower hardness values. The same is
apparent for Fe-0.79C-0N and Fe-0.79C-0.32N, with compara-
ble hardness values, even though the amount of nitrogen is
highly increased.
The Fe-1.05C-0.38N has good overall hardness even though
high amounts of interstitial elements are solved. Interestingly,
with increasing nitrogen content the overall hardness does
not increase. For the reported data with nitrogen contents of
less than a half of carbon, it can be stated that the harden-
ing increase of nitrogen is neglectable compared to carbon.
In Fig. 12 a reasonable trend in dependency of solved carbon
is given, though this trend could change when the ratio of
nitrogen compared to carbon increases.
6.  ConclusionDilatometer samples were carburized and carbonitridied and
investigated by dilatometry, metallography and XRD. Multiple
density levels of 6.9, 7.2 and 7.35 g/cm3 were analyzed to inves-
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igate porosity effects. Samples were quenched with 500 K/s in
rder to suppress diffusionally driven transformations. Itera-
ive austenitization procedures confirmed an influence of the
ustenitization time on the transformation behavior. Oxygen
ontents of 0.2 wt% found in sintered samples along with the
ecarburization phenomena indicte that the sintering and/or
arbonitriding still have to be optimized, therefore the results
hould be regarded as preliminary. Concerning the heat treat-
ent procedure for PM steels, the following summary can be
rawn:
 In contrast to literature, no porosity effect was found
on the transformation kinetics (Ms, k). On the contrary,
a strong tendency to decarburization of PM steels is
demonstrated. Elemental analysis of austenitized samples
confirmed severe decarburization the samples, explaining
the shift of MS in the literature. This can be attributed to
the open porosity of PM steels, especially the significantly
increased surface. BET measurements confirmed a 200–300
times higher diffusionally activated surface compared to
the geometrical surface, exponentially rising with increased
porosity.
 With the effect of rapid decarburization in dependency of
porosity (intrinsically due to increased surface), the effect
of increased MS with increasing porosity can be confirmed
by repeated quenching procedures. A strong depletion of
carbon even in deep areas of the sample occurs due to the
open porosity. This depletion finally leads to an apparent
increase in the MS temperature.
 Rapid heat treatment of PM steels is necessary in order
to investigate transformation effects of an unaffected
composition. To ensure a homogeneous solute, preceding
microstructural analysis must confirm fine microstructural
features, so that a rapid austenitization can dissolve carbon
or carbon-nitrogen precipitates.
he relevant factors for the Koistinen-Marburger equation
Ms, k and the resulting amount of retained austenite), the
olume change accompanied by the martensite transforma-
ion and the resulting hardness were evaluated, mathematical
elations are proposed and a discussion regarding validity of
easured data was carried out. The essential findings are
isted in the following:
 To account for the effect of interstitial nitrogen on marten-
sitic transformation, an effective content ceff = cc + 0.25cn was
proposed. The diminished effect of 25% in comparison with
carbon was chosen as it predicts the martensitic transfor-
mation behavior both of solely carburized and carbonitrided
samples. This is in contradiction to work of Prenosil [42],
reporting an effect of 60%.
 A linear dependency of the effective content on MS provides
a good agreement with experimental data. The same applies
for the prefactor k, which was modeled with an exponen-
tial approach. The resulting calculated amounts of retained
austenite are also in good agreement with the experiments.
The proposed models agree with established equations in
the literature review.
 A linear dependency of the transformation volume change
to martensite with respect to carbon and nitrogen is pro- 0;9(4):8245–8257 8255
posed that is in agreement with literature. Furthermore, an
offset of the martensitic volume change of 0.4 vol% was pre-
sented which is attributed to porosity. Data suggests that
the amount of porosity affects the measured bulk length
change. However, the selectivity between porosity states
was not reasonable, as the effect is in the same order as
the standard deviation. It is assumed that the pore areas
act as free volume for the martensitic transformation, thus
leading to a possible reduction in measured overall volume
change of the bulk sample.
• Micro-hardness measurements HV0.1 confirmed an inde-
pendency of porosity on the microstructural hardness, and
also a homogeneous distribution between the batches. For
both micro- and macro-hardness, models are proposed.
• In the range of common combinations of carbon and nitro-
gen, a hardness contribution of nitrogen could not be
identified. In context of both solved carbon and nitrogen, the
resulting hardness in martensite seems exclusively depen-
dent on carbon.
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